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Introduction
Nucleic acids are of fundamental biological importance due to the role they play in DNA. As first suggested by Chargaff [1] [2] [3] and later shown in detail by Watson and Crick [4] , the sequence of the guanine -cytosine and adenine -thymine hydrogen bonded base pairs stores the genetic code.
All DNA bases can exist in a variety of tautomeric forms giving rise to a large number of possible base pair combinations. In the case of guanine, for example, ground state energies of the four most stable tautomers have been calculated to lie within a range of 7 kJ/mol [5, 6] . However, only a single guanine tautomer, namely the so-called N9H-keto form (see Fig.1 for a schematic representation of this and other guanine tautomers discussed in the following), is usually present in DNA, whereas other tautomeric forms may be responsible for genetic damage [7] [8] [9] .
Experimental study of DNA base pairs has been complicated by interference of both the backbone and the solvent. Theory, on the other hand, is not yet capable of explicitly taking into account the biological environment. Therefore, comparison of experimental and theoretical data has been problematic.
Recent advances in experimental techniques, however, have made possible the study of isolated DNA bases and base pairs through supersonic jet expansion techniques [6, [10] [11] [12] . These developments have paved the way to meaningful comparisons of ab initio electronic structure calculations to experimental measurements. In particular, the vibrational spectrum of guanine in the S 1 excited electronic state has been recorded independently by two different research groups [6, 11, 13] . Both groups agree that the spectrum is in fact a superposition of vibrational spectra of at least three different guanine tautomers. However, there is discrepancy regarding the assignment of spectral lines to specific tautomers. This is where first principles electronic structure theory can make a significant contribution. The first issue that needs to be addressed are the relative ground state energies of the various tautomers. The energies of 36 stable tautomers have been calculated at the Hartree-Fock and MP2 levels of theory [5, 14] . The energetic ordering has been found to be very sensitive to the method used and the basis set chosen [5, 14, 15] . Accurate ab initio calculations on electronically excited states still present a major challenge to theoreticians even for relatively small molecules. For single point calculations of large molecules only the CASSCF, CASPT2, CIS, and TDDFT methods are applicable in view of current computational resources, in particular if, as in the present paper, many different isomers have to be considered. Unfortunately, no analytic gradients are publicly available yet for CASPT2 and TDDFT, although progress along these lines has been made [16] [17] [18] . CASSCF is computationally rather expensive; it may therefore be used only for a limited number of calculations.
Excited state geometries and vibrational spectra can be computed cheaply using the CIS method. However, the accuracy of CIS for the type of system under consideration is highly questionable [19] . For these reasons only few theoretical excited state vibrational spectra of guanine have been reported in the literature [6, 15] . Nir et al. [6] computed the normal mode frequencies of the trans-N9H-enol tautomer using CIS. Vibrational frequencies for additional tautomers were calculated in the electronic ground state using the MP2 method [6] and compared to the measured S 1 spectra in the hope that ground and excited state spectra are very similar. This would be the case if the S 1 geometry does not differ significantly from the ground state geometry.
As an alternative to the above-mentioned traditional ab initio quantum chem-istry approaches, we employ in this paper the recently developed restricted open-shell Kohn-Sham (ROKS) method [20] . This density functional method has been used previously to optimize geometries and perform molecular dynamics simulations in the S 1 first excited singlet state [20] [21] [22] ; see Refs. [23, 24] for reviews. For the six most stable guanine tautomers (see Fig. 1 [20] [21] [22] [23] [24] implemented in the CPMD program package [23, 25] . In the ROKS framework, the S 1 energy is calculated by optimizing the set of n + 1 (n is half the number of electrons) orthonormal Kohn-Sham orbitals {φ (1) i } so as to minimize the expression
where E(m) is the energy expectation value of the mixed state
and E(t) is the energy of the triplet state
The corresponding singlet excited state wavefunction is given by
using a common set of orbitals {φ (1) i }. Based on this symmetry-adapted representation of the S 1 state the orbital-dependent ROKS density functional is minimized with respect to orbital variations while imposing their orthonormality [20] . A similar technique was pioneered by Ziegler et al. [26] ; further variants and generalizations have been proposed recently [27] [28] [29] [30] [31] .
The ROKS calculations presented here were carried out using a plane wave expansion of the one-electron orbitals in conjunction with Troullier-Martins pseudopotentials [32] for the core electrons. A plane wave cutoff of 100 Ry turned out to be necessary to obtain converged harmonic frequencies in the S 1 state, whereas excitation energies and geometry optimization only required a 70 Ry cutoff. The dimensions 15×12×7.5×Å were chosen for the simulation cell for all static calculations. Spurious interactions between periodic images were eliminated by employing Hockney's poisson solver [33, 34] . The molecular dynamics simulations were performed in a periodically repeated cubic box of length 15Å with a time step of 2 a.u. and a fictitious electron mass of 400 a.u. at the constant temperature of 100 K. All plane wave calculations were carried out using the BLYP exchange correlation functional [35, 36] and the corresponding results are denoted "BLYP/p.w.".
Additional, more conventional quantum chemical methods, i.e. CIS, CASSCF, and TDDFT, were applied as implemented in the Gaussian 98 program package [37] using the 6-31G**, cc-pVDZ, 6-31++G**, and aug-cc-pVDZ basis sets. TDDFT calculations were performed with the BLYP and B3LYP [38, 39] exchange-correlation functionals. For the CASSCF calculations, an active space of six π electrons in three π and three π * orbitals was chosen.
Results and Discussion

Ground state structures and energies
The molecular structures of the six most stable guanine tautomers depicted schematically in Fig. 1 have been optimized in the electronic ground state using DFT with various basis sets and exchange-correlation functionals. All tautomers have essentially planar aromatic rings; merely the amino group deviates from planarity exhibiting a considerable degree of pyramidalization. The As the data in Tab. 1 demonstrate, there is a clear distinction between the structures of the keto and enol tautomers. The dihedral angle dh1 is significantly larger for the keto tautomers compared to the enol tautomers, whereas the angle dh2 is somewhat larger for the enol tautomers. In contrast to the enol tautomers the dihedral angles of the keto tautomers are highly asymmetric. This can be easily understood; the presence of the hydrogen atom bonded to nitrogen N 1 in the keto case forces hydrogen H 21 further out of plane. Moreover, we notice this asymmetry being most pronounced for the N7H-keto tautomer. Interestingly, our calculations also predict the N7H-keto tautomer to have the lowest energy of all six tautomers investigated, closely followed by N9H-keto guanine (see Tab. 2) which is roughly 3 kJ/mol higher in energy according to our BLYP calculations. All enol tautomers are seen to be significantly less stable than their keto counterparts. Moreover, for both N9H-enol and N7H-enol guanine the cis isomers are less stable than their trans counterparts. In particular, there is a large gap (29.2 kJ/mol in the case of BLYP/p.w.) between the two N7H-enol tautomers.
As for the molecular structures, we observe good agreement among the BLYP data obtained with different basis sets and the B3LYP results. Comparison of the latter with the MP2/6-31G** energies by Ha et al. [5] reveals great similarity. Nir et al. [6] have performed MP2 calculations using the bigger basis set 6-311G** and obtained only slightly different energies. However, they find N9H-keto guanine to be energetically most favourable being 1 kJ/mol more stable than the N9H-keto tautomer. Shukla et al. [15] have calculated relative energies using MP2 with a mixed basis consisting of a 6-311+G* basis set for the nitrogen atom of the amino group and a 4-31G basis for all other atoms.
Although their energetic ordering is in accordance with most other sets of data, their relative energies indicate that the results are far from converged with respect to the size of the basis set.
Vertical electronic excitations
For all tautomers we have computed the excitation energies for the lowest than the corresponding cis isomers also emerges as a common pattern. The most significant point at which the two approaches give different answers is the energy gap between the N9H-enol and the N7H-enol tautomers. According to ROKS this gap is less than 0.05 eV whereas TDDFT finds differences as large as 0.45 eV. Of course we should point out that there is a systematic shift of all ROKS excitation energies to smaller values which has been discussed previously in the literature [20, 21] . In the present case, the differences be- Use of the B3LYP hydrid functional gives the same energetic ordering; however the excitation energies are shifted to larger values by roughly half an electron Volt. In the basis set limit, the B3LYP value for N9H-keto guanine should be comparable to the CASPT2 result of 4.76 eV by Fülscher et al. [41] .
Although the semiempirical CIPSI calculations by Menucci et al. [42] yield the same value for N9H-keto guanine, they predict the N7H-keto energy to be higher by 0.18 eV conflicting with all other methods. The CIS calculations of Shukla et al. [15] overestimate all excitation energies by approximately 2 eV.
In particular, they find trans-N9H-enol guanine to have the highest excitation energy of all tautomers.
Although the focus of this work is on the lowest π → π * transition, since this state has clearly been associated with the experimental vibronic spectra [6, 11, 13] , we should also discuss briefly other close-lying electronic states.
First of all, our TDDFT calculations confirm that the intensity of the π → π * transition is typically one order of magnitude larger than that of the n → π * transition. The latter is therefore difficult to observe experimentally [11] .
Furthermore, we observe that for basis sets without diffuse functions, the π → π * excitation is lowest in energy for all tautomers. Upon inclusion of diffuse basis functions we notice a small degree of mixing of the π → π * and n → π * states for both keto tautomers as well as for cis-N7H-enol guanine.
In the case of N9H-keto and cis-N7H-enol guanine the n → π * transition becomes the lowest excitation. These observations are in agreement with recent theoretical studies on the radiationless decay of the π → π * state of cytosine [43] , where n → π * states present an efficient route for relaxation to the ground state.
S 1 structures, relative energies and adiabatic electronic excitations
Geometry optimization of the six most stable guanine tautomers in the first excited singlet state S 1 using the ROKS BLYP/p.w. method leads to significant structural changes relative to the ground state. The S 1 structures of keto and enol tautomers exhibit distinctive features. Both keto tautomers are found to have out of plane distorted six-membered aromatic rings as well as pyramidalized amino groups. In the case of the enol tautomers, on the other hand, both the aromatic rings and the amino group are planar, whereas the hydrogen atom bonded to carbon C 8 shows out of plane distortion. • . It should be noted that cis and trans isomers behave in a similar fashion.
The latter statement is not entirely true for the N7H-enol tautomers. In this case, the trans isomer clearly shows larger distortions relative to the ground state. As for N9H-enol guanine, the N 7 C 8 bond stretches by 0.13Å in the case of trans-N7H-enol, 0.01Å more than for cis-N7H-enol guanine. The cis-N7H-enol tautomer is found to be the only enol tautomer with an in plane hydrogen H 8 , whereas trans-N7H-enol guanine shows dihedral angles of about
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• at this position.
The relative energies of the six most stable guanine tautomers in the S 1 excited state are compiled in Tab. 4 . First of all, we observe that the energetic ordering is largely unchanged compared to the ground state N7H-keto guanine still being lowest in energy. However, the energy difference to the remaining tautomers is now larger than in the ground state by roughly 10 kJ/mol. On the other hand, the energy gap between N9H-keto guanine and the cis-N9H-enol tautomer has shrunk from 11 kJ/mol to 4 kJ/mol. Partially, the reason for this is the relative stabilization of cis-N9H-enol guanine in the S 1 state, which also leads to the trans-N9H-enol tautomer being the less stable N9H-enol tautomer, in contrast to the ground state.
We have computed adiabatic excitation energies by subtracting the minimum ground state energy from the minimum S 1 energy. Despite having neglected zero point vibration, the theoretical adiabatic excitation energies should be comparable to the experimentally measured 0-0 transitions [6, 13] . Our ROKS BLYP/p.w. values are listed in Tab. 5 together with experimental 0-0 transition energies measured and assigned to the different tautomers by Nir et al. [6] and Mons et al. [13] , respectively. Similar to the vertical excitation energies, the ROKS results appear to be too low by approximately 1 eV. However, the relative ordering already constitutes important information that may be used in the assignment of experimental IR-UV spectra. We would like to point out the striking similarity between the two sets of experimental data. Basically, it seems that both groups have indeed recorded more or less identical spectra, merely the assignment is different. For example, if we interchanged the values for the N9H-keto and N7H-keto tautomers in the data of Nir et al. [6] , there would be good agreement between all three sets of data. Both theory and experiment would then see the 0-0 transition of N9H-keto roughly 0.1 eV above that of N7H-keto guanine. Furthermore, if we swap the trans-N7H-enol and trans-N7H-enol numbers in the set of Mons et al. [13] , both experiments match. According to our ROKS calculations the lower adiabatic excitation energy should be assigned to the trans-N7H-enol tautomer.
Excited state vibrational spectra
Harmonic vibrational spectra of all six guanine tautomers considered in this work have been calculated in the S 1 state by means of the ROKS BLYP/p.w.
method. We would like to emphasize that a larger plane wave cutoff of 100
Ry has proven crucial in order to obtain converged frequencies. Moreover, extremely careful geometry optimization is required if imaginary frequencies are to be avoided. Again, we have performed additional quantum chemical calculations using the CIS and CASSCF methods for the sake of comparison.
All the results are summarized in Tab. 6. In the following, we shall discuss characteristic features of the individual tautomers that may be used to identify their experimental IR-UV spectra.
Distinguishing keto from enol vibrational spectra is straightforward; the former exhibit a double peak at the high energy end of the spectrum between 3500 and 3600 cm −1 , whereas the latter show a double peak shifted to higher energies by roughly 100 cm −1 , i.e. between 3600 and 3700 cm −1 (see ROKS data in Tab. 6). This is in good agreement with experimental observations in the ground state [6, 13] In the case of the enol tautomers, the highest frequency vibration (mode 42)
can be identified as the OH stretching mode, whereas mode 41 is the asymmetric stretching mode of the amino group. For all enol tautomers, the energy gap between these two vibrations is at most 4 cm −1 with the exception of cis-N7H-enol guanine, which has a gap of 56 cm −1 . This shift in the OH vibrational energy is due to the presence of the hydrogen atom H 7 making this tautomer altogether less stable than the other five tautomers. It is therefore also less likely to be observed experimentally.
The highest energy normal modes of the keto tautomers are the N 9 H (N9H-keto) and N 7 H (N7H-keto) vibrations, respectively. Mode 41 is the asymmetric stretching mode of the amino group. Our ROKS calculation for N9H-keto guanine reproduces the experimental energy separation between these two lines of 16 cm −1 measured by Nir et al. [6] in the ground state rather well. However, ROKS finds a separation for N7H-keto guanine of 62 cm −1 , significantly larger than the experimental ground state value of 8 cm −1 . There is, at present, no conclusive evidence to decide whether this discrepancy can be attributed to inaccuracies of the ROKS method or if we are dealing with a real effect induced by geometrical changes in the S 1 state. As we have discussed in Sect. 3.3, the position of the hydrogen atom involved in the highest energy vibration, namely H 7 , changes significantly in the excited state. Unfortunately, it has so far been impossible to probe the high energy spectral region experimentally in the S 1 state [6, 13] .
According to our ROKS data, the spectral region between 1430 and 1571 cm −1
should be well suited to differentiate between the N9H-keto and N7H-keto tautomers. Here we find no vibrational modes for N9H-keto, whereas N7H-keto guanine has two spectral lines at 1479 and 1516 cm −1 , respectively. Our CIS calculations suggest that the former is sufficiently intense to be recognized in experiment.
Another interesting spectral region is the interval between 674 and 794 cm
where N7H-keto guanine is inactive, but the N9H-keto tautomer shows lines at 701, 736, 755, and 768 cm −1 . Again, by analyzing the corresponding intensities obtained from CIS calculations we are confident that at least some of those four lines are detectable experimentally.
Nir et al. [6] report S 1 vibrational modes at 333 and 448 cm −1 , which they assign to the N7H-keto tautomer, as well as lines at 336 and 467/470 cm −1 [6] assigned to the N9H-keto tautomer. ROKS predicts vibrations at 332 and 441 cm −1 for N9H-keto guanine and at 333, 459, and 469 cm −1 for N7H-keto guanine. Together with the positions of the respective 0-0 transitions (see Tab. 5), our results thus suggest that the assignment for the keto tautomers by Nir et al. [6] should be interchanged.
Do our calculations also provide enough spectral information to distinguish N7H-enol from N9H-enol tautomers? We have determined characteristic vibrational frequencies of N7H-enol guanine at 695 (trans) and 698 cm −1 (cis).
The nearest lines of the N9H-enol tautomers are separated by at least 30 cm −1 .
A further promising spectral region lies between 1073 and 1136 cm −1 , where the N7H-enol tautomer is inactive but N9H-enol guanine exhibits three bands at 1086, 1088, and 1090 cm −1 , the first of which should have relatively strong intensity.
The last issue that we would like to address is the distinguishability of trans and cis enol tautomers. We have already discussed the pronounced blue shift of the OH vibrational frequency in the case of cis-N7H-enol guanine due to steric effects. Furthermore, there is a characteristic spectral line at 1624 cm
corresponding to mode 37 (predominantly stretching of the C 5 C 6 bond) of trans-N7H-enol guanine. However, our CIS calculations predict the signal to be rather weak for this mode.
Since there is no steric hinderance in the case of N9H-enol guanine, cis and trans isomers are expected to have very similar spectra. On the whole, this assumption is confirmed by our theoretical vibrational frequencies. Moreover, preliminary molecular dynamics simulations in the S 1 state indicate that the rotational barrier between the two isomers may be sufficiently low to allow the OH group to rotate more or less freely [45] . The presence of cis-N9H-enol guanine in molecular beams may be verified experimentally by analyzing the spectral region around 1419 cm −1 , where our ROKS calculations predict a line for the cis tautomer separated by at least 36 cm −1 from the nearest lines of the trans tautomer. The vibrational mode at 1419 cm −1 has a large C 6 N 1 stretch component and, according to our CIS data, has rather large intensity.
Finally, we have studied the significance of anharmonic effects by comparing the harmonic ROKS vibrational spectrum of cis-N9H-enol guanine to the Fourier transform of the velocity autocorrelation function obtained from an adiabatic Car-Parrinello molecular dynamics simulation in the first excited state also using the ROKS method. A graphical representation of the two spectra is shown in Fig. 2 . Considering the error bars (the anharmonic spectrum has a resolution of 13 cm −1 and has been corrected for unphysical spectral shifts due to the fictitious Car-Parrinello electronic degrees of freedom), our Using the BLYP functional we have found the N7H-keto guanine to be the most stable tautomer both in the ground state and in the first excited π → π * state, slightly lower in energy than the N9H-keto tautomer. We observe substantial geometrical distortions in the S 1 state compared to the ground state, in particular for the N9H-keto tautomer whose six-membered aromatic ring is heavily nonplanar.
Our theoretical adiabatic S 1 excitation energies can be compared to experimental 0-0 transition energies providing hints as to the spectral positions of the individual guanine tautomers. In combination with our ROKS S 1 vibrational spectra, the present results facilitate the assignment of experimental IR-UV and REMPI spectra of jet-cooled guanine.
In addition, this work has demonstrated that excited state vibrational frequencies can be obtained fairly reliably using the ROKS method. In particular, unlike the more conventional CIS and CASSCF methods, ROKS does not require any rescaling of vibrational frequencies. Table 6 Harmonic vibrational frequencies [cm −1 ] of the different guanine tautomers calculated using the ROKS, CIS, and CASSCF methods. For the CIS frequencies, the corresponding intensities are given in parentheses [km/mol]. 
